Interannual variability of the Ogasawara (Bonin) high in August is examined in relation to propagation of stationary Rossby waves along the Asian jet using monthly averages from the NCEP/NCAR reanalysis dataset for 52 years. The perturbation kinetic energy at 200 hPa is used as a measure of the activity of stationary Rossby waves along the Asian jet. Composite maps of five relatively wavy-jet years with close phases show an enhanced anticyclone over Japan. This anomalous ridge has a maximum amplitude at 250 hPa and extends throughout the troposphere with little zonal and slight northward tilts. Wave-activity and isentropic potential vorticity analyses clearly show that the ridge is created by the propagation of stationary Rossby waves to Japan. The anomalous ridge accompanies a positive temperature anomaly over Japan in the entire troposphere. A negative temperature anomaly to the east of Japan is also created in the lower troposphere by the northerly flow between the anomalous ridge and trough. By contrast, the equivalent-barotropic ridge over Japan is very weak in the zonal-jet years. Although Rossby waves are as strong as those in the wavy-jet years near the source, they are found to converge to the southeast of its source with little further downstream propagation. This contrast in the behaviour of Rossby waves is consistent with the intensity of the Asian jet to the east of 90 E. The composite analysis suggests that the enhancement of a deep ridge near Japan is regulated by the intensity of the Asian jet. The composite analysis study conducted here emphasizes the importance of the propagation of stationary Rossby waves along the Asian jet for the late summer climate in northeastern Asia.
Introduction
The Asian jet is an enhanced portion of the subtropical jet on the northern fringe of the Tibetan anticyclone that develops during the Asian summer monsoon. Ambrizzi et al. (1995) discussed the propagation of stationary Rossby waves along this jet. They analysed the European Centre for Medium-Range Weather Forecast (ECMWF) initialized data and calculated teleconnectivity, lag correlation and stationary Rossby wavenumber at 300 hPa. Their analyses and numerical experiments with a barotropic model showed that the Asian jet can act as a waveguide in the northern summer. Their results have been confirmed by several observational studies on variability of the Asian summer monsoon. Terao (1998; 1999a, b) argued that the activity of Rossby waves along the Asian jet causes dominant intraseasonal modes in the midlatitudes in the northern summer. Krishnan and Sugi (2001) obtained a circulation pattern (the Asian Continental pattern) in the upper troposphere in their study on the interannual variability of the Baiu (Meiyu) and the south Asian monsoon. Lu et al. (2002) investigated the interannual variability of sta-tionary waves along the Asian jet in July. Those studies unanimously indicate that the Tibetan high is perturbed by stationary waves along the Asian jet.
A portion of the Tibetan high, located to the west of 90 E, can be regarded as the Rossbywave response to the deep convective heating in the Bay of Bengal (Gill 1980) . In late July, the high apparently extends eastwards and an independent centre is formed in the uppertroposphere over Japan. In the meantime the Ogasawara (Bonin) high migrates northward in the middle-and lower-troposphere as the Baiu/ Meiyu frontal zone fades away. As a result the ridge is formed throughout the troposphere near Japan. This equivalent-barotropic structure is often regarded as a separate system from the Tibetan and North Pacific anticyclones (Neyama 1968a) . The current study focuses upon this deeply developed ridge in the post-Baiu summer and simply refers to it as ''the Bonin high'' although its vertical structure differs from that during the Baiu period. The high is relatively stationary with amplitude modulation in 10-14 days and brings a relatively dry late summer climate to east Asia during the post-Baiu summer (Neyama 1968b; Nakanishi 1972 ). Since it is one of the most significant factors determining east Asian climate during this period, insights into its interannual variation have a practical importance. Nevertheless, the formation mechanism of the high has not been clear. Direct response to heating is baroclinic and does not explain the deep structure. Even with some processes that convert the external mode from internal modes, the amplitude of the Kelvin-wave response is small for the heating located far from the equator such as that in the Bay of Bengal (Rodwell and Hoskins 1996) . Enomoto et al. (2003) attempted to explain the formation mechanism of the deep ridge by examination of the monthly-mean climatology for August produced from the ECMWF Reanalysis and numerical experiments using a simple primitive equation model in the same manner as Rodwell and Hoskins (1996) . Rodwell and Hoskins (2001) showed localized descent over arid regions are induced by remote effects of the Bay of Bengal heating. Descent is caused by the distorted isentropes by the heating and enhanced by the positive feedback with radiative cooling. They also note that the topography is important in determining the location of the centres of descent although the contribution to the amplitudes of descent is small. Enomoto et al. (2003) noticed that the localized descent over the east Mediterranean and Aral Seas coincide with the entrance region of the Asian jet and may act as stationary-wave forcing. As a result of the propagation of stationary Rossby waves along the Asian jet (''the Silk Road pattern'') and their accumulation in the jet-exit region near Japan, an equivalent-barotropic ridge is formed as schematically illustrated in Fig. 1 . Their hypothesis suggests that the Bonin high is formed as an indirect result of the Bay of Bengal heating. Rodwell and Hoskins (1996) referred a link between the Bay of Bengal heating and localized descent over desert as the Monsoon-Desert system. In order to include the influence of the perturbed subtropical jet on the climate in east Asia, it is rather appropriate to consider the monsoon, the localized descent over the desert and the Asian jet as a closely coupled system, and to call it the MonsoonDesert-Jet system. It is implied that variabil- ities in the Monsoon-Desert-Jet system can cause that of the Bonin high. The present paper is intended as an extension to Enomoto et al. (2003) to validate their hypothesis on the formation of the uppertropospheric ridge near Japan. This is an attempt to understand interannual variation of the Bonin high in August as modulation to the Monsoon-Desert-Jet system. The present paper will investigate the effects of the propagation of stationary Rossby waves along the subtropical jet upon the equivalent-barotropic ridge near Japan by the composite analysis. It will also look into the effects of the upper-tropospheric ridge to the lower troposphere. Section 2 describes the datasets and methods of analysis employed here. Section 3 shows results of the composite analysis. Finally, the summary and discussions follow in Section 4.
Datasets and methods of analysis
In order to study interannual variation of the Bonin high in the late summer, monthly averages for August are investigated. Monthly averages for August are derived from the National Centers for Enviromental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis set for 1948 -1999 (Kistler et al. 2001 ). In the course of the present study, we first conducted empirical orthogonal function (EOF) analysis on the meridional wind at 200 hPa of those monthly averages. Although wavetrains were obtained along the subtropical jet in the Northern-Hemisphere, no dominant components are found (not shown). The contribution rate was at most 13.6% when the analysis was restricted to the Northern Hemisphere. Physical interpretation of those statistical results does not appear to be straightforward. Alternatively, the composite analysis is employed here. This method enables us to construct an index that describes a hypothetical process well and, in turn, to validate the hypothesis.
Activity of stationary waves along the Asian jet is measured simply with the perturbation kinetic energy at 200 hPa. Figure 2a shows the interannual variation of the kinetic energy averaged for 60 E-120 E longitudinally and for G5 from the zonal wind maxima latitudinally. The Tibetan high extends from 30 E to 150 E in the climatology and can be represented by zonal wavenumbers k < 3. Zonal wavenumbers k b 3 are assumed here to be perturbation to the Tibetan high. With this separation between the zonally-varying basic field and perturbation, the modulation of the Tibetain high itself is diminished in the perturbational kinetic energy. Note that jet-entrance (15 E-60 E) and exit (120 E-150 E) regions are excluded to avoid climatological wave source and sink regions. Localized descent in the jet-entrance region is considered to act as a vorticity source in the upper-troposphere as pointed out by Enomoto et al. (2003) . The Bonin high forms in the jet-exit region near Japan, where we examine the response to the activity of stationary waves along the Asian jet. As a result, the wave kinetic energy is defined in the waveguide region where linear propagation is expected. Case with large and small values are denoted by 'wavy' and 'zonal', respectively. The case for August 1984 is excluded here since the value is extraordinarily large (Fig. 2a) .
The shortcoming of the composite analysis on waves is that composite maps are somewhat blurred since phases of wavy samples are not necessarily close to one another. In fact, it is not guaranteed that a composite of large perturbational kinetic energy results in a conspicuous pattern. This is not surprising since anomalies can partially cancel out despite of their large amplitudes. This is the case for wavy cases and less so for the zonal cases.
Composite can become less blurred by introducing a secondary objective index, the stationary Rossby wavenumber,
is the meridional gradient of the Coriolis parameter, U (m s À1 ) the basic zonal wind, in local Cartesian coordinates (Hoskins and Karoly 1981) . It is a measure of the preferred wavelength L ¼ 2p ffiffiffiffiffiffiffiffiffiffiffiffiffi U/b eff p (m) and often used to investigate the propagation of the stationary Rossby waves. Equation 1 indicates that an intense jet has a longer preferred wavelength for the same q 2 U/qy 2 . Cases with similar values of K s are expected to have close phases, assuming that the sources are geographically fixed. Figure 2b show the scatters of samples in K s and perturbational kinetic energy. The value of K s is averaged in the same region along the subtropical jet as the perturbational kinetic energy. Although the samples are quite scattered, large and small values of K s are chosen for wavy-and zonal-jet years. K s also represents the quantity analogous to the refractivity of light. Since Rossby waves tend to travel towards larger K s , it represents the intensity of the waveguide. The selection of cases here appears to be consistent with this property. It is interesting to note that the variance of wave energy becomes larger with K s . It implies that a well-developed waveguide is only a necessary condition for active stationary waves. Years 1972 Years , 1985 Years , 1994 Years , 1973 Years , 1995 Years and 1952 Years , 1996 Years , 1975 Years , 1970 Years , 1979 are chosen as the wavy-and zonal-jet years, respectively (Table  1) . Those years are used for the composite of wavy and zonal cases throughout the current study. The former (latter) cases represent the samples with siginificantly large (small) perturbations along the more (less) intense subtropical jet. Those are not the only possible combinations for the wavy-and zonal-jet years. An alternative set for the wavy-jet years can be chosen, for example, by conditions of K s > 7:5 and wave energy > 55 m 2 s À2 , resulting years 1953, 1964, 1967, 1976, and 1985 . The composites produced from this combination are quite similar to those from the original and do not alter the results of this study (not shown).
Composite analysis
In this section, composite maps of monthly averages for August in the wavy-and zonal-jet years are examined to investigate the propaga-1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 year tion of stationary Rossby waves and its influences to the Bonin high. The potential vorticity perspective of the deep ridge and how the deep ridge affects the lower-troposphere are also discussed here. Figure 3 shows composites of the meridional wind at 200 hPa in the (a) climatology, (b) wavy-jet years, (c) zonal-jet years, and (d) the difference between wavy-and zonal-jet years ((b)-(c)). Shades denote statistical significance larger than 90%. Alternate meridional winds (30 E-150 E, 40 N) indicate Rossbywave propagation along the subtropical jet in the climatology (the Silk Road pattern) as shown in Fig. 3a . This pattern becomes even more conspicuous in the wavy-jet years (Fig.  3b) . By contrast, the meridional wind pattern in the zonal-jet years ( Fig. 3c ) is similar to that of the climatology (Fig. 3a) to the west of 90 E, but the propagation of Rossby waves further downstream is unclear. It is implied that some sort of wave trapping is at work in the jetentrance region (15 E-60 E). The Silk Road pattern stands out in the difference between the wavy-and zonal-jet years ( Fig. 3d) with some intensification toward the downstream. The panels in Fig. 3 confirm that the index based on the perturbation kinetic energy at 200 hPa and stationary Rossby wavenumber can effectively select wavy-and zonal-jet years.
Propagation of stationary Rossby waves
Behaviour of stationary waves in wavy-and zonal-jet years shown in Fig. 3 is consistent with the subtropical jet as shown in Fig. 4 . The Silk Road pattern appears along the northern edge of the Tibetan high (30 E-150 E), where the subtropical jet is intensified (the Asian jet, Fig. 4a ). The entrance and exit regions of the intensified jet are located near 30 E and 150 E, respectively, and the peak near 80-90 E. In the wavy-jet years (Fig. 4b) , the region with zonal wind stronger than 30 m s À1 covers northern Japan. The intensified subtropical jet in 70 E-165 E is preferable for wave propagation downstream of 90
E. An enhanced anticyclone near Japan (135 E, 40 N) ( Fig. 3d and 4d ) contributes to local northward shift of the jet. Figure 5 shows the horizontal wave activity flux (Takaya and Nakamura 2001) and its divergence. In both wavy-and zonal-jet years, wave activity diverges in the jet entrance (15 E-60 E). In the wavy-jet year, some portion of the wave activity propagates downstream through the waveguide associated with the enhanced core of the Asian jet (Fig. 4b) although the wave activity divergence is only slightly stronger (Fig. 5a) . A pair of convergence and divergence straddling 90 E implies absorption-reflection behaviour. It is reminiscent of the numerical results by Enomoto and Matsuda (1999) who emphasized the role of vorticity advection by the basic anticyclonic flow in Rossby-wave reflection. In the zonal-jet years, by contrast, wave activity converges to the weak-wind region to the southeast. Figure  6 shows the longitude-height cross-section of wave activity flux averaged between 35 N and 45 N. The longitudinal and vertical components are shown in arrows and the meridional in contours. The wave activity propagates upward and equatorward in both composites, but it is very weak to the east of 60 E in the zonaljet years.
The equivalent-barotropic ridge over
Japan Composites for mid-and lower-troposphere are shown in Figs. 7 and 8. In the wavy-years a closed 5880 gpm contour at 500 hPa is located over the southern coast of Japan (Fig. 7b ). This characteristic contour appears when a deep anticyclone enhances over Japan. At 850 hPa, the North Pacific anticyclone seemingly extends westward (Fig. 8b) . The 1520 gpm contour found near 140 E in the climatology (Fig.  8a ) and zonal-jet years (Fig. 8c) is located near 130 E in the wavy-jet years (Fig. 8b ). This westward extension (Fig. 8b and Fig. 8d ) in the wavy-jet years aligns vertically with anticyclonic anomalies in upper levels ( Fig. 3d and  Fig. 7d) .
The equivalent-barotropic structure of the anomalous ridge over Japan can probably be better described by longitude-height crosssections of the zonally-asymmetric geopotential height (Fig. 9 ) and meridional wind (Fig. 10) . The cross-sections are drawn for meridional averages between 30 N and 45 N, which covers the anomalous anticyclonic anomaly over Japan (Fig. 7d) . The climatological Tibetan high extends from 30 E to 150 E (Fig. 9a) . It is baroclinic since it is mainly created by deep convection. On its eastern edge, there is some bar-otropic component, marked by a ridge slightly tilted to the west extending from around 150 hPa to mid-troposphere. Stationary waves with zonal wavelength of a few thousand kilometers are superimposed on the planetaryscale Tibetan high in the mid-to uppertroposphere between 400 and 150 hPa. In the lower-troposphere, weak southerly winds pre- vail over the northwestern Pacific in the climatology as a part of the Pacific anticyclone (Fig.  10a) . In the wavy-jet years (Fig. 9b) , the stationary waves have much larger amplitudes and the barotropic component of the ridge near 135 N is reinforced. The climatological deep southerly near 130 E and northerly near 150 E (Fig. 10a) are enhanced in the wavy-jet years (Fig. 10b) to penetrate into the lowertroposphere. By contrast, the propagation of stationary Rossby waves to the east of 90 E is absent in the zonal-jet years ( Fig. 9c and Fig.  10c ) and the baroclinic structure is predominant in the northwestern Pacific around 150 E.
Effects on the near-surface temperature
How does the anomalous high reaching the ground in Fig. 9b influence the summer climate in Japan? Figure 11a shows the difference of the air temperature (K) in contours and winds (m s À1 ) in arrows at 1000 hPa between the wavy-and zonal-jet years. Warm and cold anomalies are located over Japan (140 E, 40 N) and its east (160 E, 40 N), respectively. Those anomalies appear to be affected by the uppertropospheric PV anomalies in two senses.
First, the warm anomaly is primarily determined by the equivalent-barotropic structure due to the negative PV anomaly over Japan. This warm anomaly aligns longitudinally with the anomalous high (125-155 E, 25-40 N) and extends throughout the entire troposphere as shown in Fig. 11b . The tropospheric warm anomaly is paired with a cold anomaly above. This is a typical vertical thermal structure of a warm-core anticyclone and suggests an existence of a negative potential vorticity (PV) anomaly near the tropopause (200-150 hPa) This PV anomaly will be discussed in Subsection 3.4.
By contrast, the cold anomaly to the east of Japan does not align with the anomalous low (155 E-170 W, 30-50 N) and is confined in the lower-troposphere (Fig. 11b) . This vertical structure does not imply the equivalentbarotropic structure of the anomalous trough near 165 E (Fig. 9d) . Another influence of the upper-tropospheric PV anomalies is the meridional temperature advection. The northerly winds between anomalous high and low near the surface coincide with the oceanic subpolar front. It is suggested that such a flow can efficiently create that negative air temperature anomaly in the lower-troposphere.
As a result, these temperature anomalies enhance a negative longitudinal temperature gradient near 150 E. It is interesting to note that this coincides with the climatological zonal temperature gradient due to the land-sea contrast between the Asian continent including Japanese islands and the northwestern Pacific. Interannual variability of the longitudinal temperature gradient to the east of Japan in good agreement with that of the uppertropospheric PV anomaly over Japan. This is consistent with the two influences of the uppertropospheric anomalies upon the near-surface temperature distribution discussed in this section. This will be discussed further in Subsection 3.4.
Potential vorticity perspective
The relationship between the PV anomaly and deep ridge have already been discussed in previous studies (Nikaidou 1986; Koide 1996; Enomoto et al. 2003) . Here this relation is con- firmed with composite maps in order to obtain some insights into the effects of the uppertropospheric ridge to the lower-tropospheric fields. Figure 12 shows the distribution of zonally-asymmetric potential vorticity in the longitude-potential temperature plane. The Tibetan anticyclone is approximately repre- Fig. 7 . As in Fig. 3 but for the geopotential height (gpm) at 500 hPa. 1028 Vol. 82, No. 4 sented in a negative PV anomaly between 30 E-150 E and 330-400 K. A negative peak near (140 E, and 350 K) in the wavy-jet years ( Fig. 13a) corresponds to the enhanced ridge near Japan (Fig. 9b) . This negative peak straddles the negative and positive temperature anomalies in the lower-stratosphere and uppertroposphere, respectively, near Japan ( Fig. 11b and Fig. 12a ). In the zonal-jet years, PV is less perturbed to the east of 90 E and the anomaly over Japan is weak. The difference of negative PV anomaly is about À0.6 PVU (Fig. 12c) . Figure 13 shows the distribution of PV at 350 K near Japan. Overturning contours in Fig. 13a indicates that this PV anomaly is created by accumulation of wave activity by wave breaking over Japan in the wavy-jet years. The PV anomaly over Japan in the upper-troposphere (Fig. 12c) induces anticyclonic flow in the lowertroposphere ( Fig. 10d and Fig. 11a ). In the wavy-jet years, the upper-tropospheric PV anomalies near Japan can contribute to the formation of warm and cold anomalies at 1000 hPa over Japan and to its east ( Fig. 11a and Fig. 11b ) as discussed in Subsection 3.3.
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(a) (b) Finally, the effects of the negative PV anomaly near the tropopause to the lowertropospheric fields are evaluated by interannual variation. Figure 14 compares interannual variation of negative PV anomaly at 350 K near Japan and zonal temperature gradient at 1000 hPa to the east of Japan. There is a positive correlation between the two values. It is suggested that Japan is warmer and the northwestern Pacific is cooler than usual when the stronger negative PV anomaly appears. The correlation between the two values is as large as 0.62. This significantly large value is in favour of the argument above upon the formation mechanism of the near-surface temperature anomalies.
Summary and discussions
Interannual variation of the Bonin high in August has been examined in association with the undulation of the Asian jet. The perturbation kinetic energy at 200 hPa were used to define the wavy-and zonal-jet years. In order to avoid cancellation among anomalies, five samples with close stationary Rossby wavenumbers were chosen for each category from monthly averages for August in the NCEP/NCAR reanalysis dataset.
The composite plots show an enhanced deep anticyclone due to a negative PV anomaly near the tropopause over Japan in the wavy-jet years. In those years, the equivalent-barotropic structure is created by the PV anomalies in the upper-troposphere. Those anomalies significantly affect the lower-troposphere and create warm and cold anomalies over Japan and to its east, respectively. A significant correlation is found between the upper-tropospheric negative PV anomaly and lower-tropospheric westward temperature gradient. In the zonal-jet years, by contrast, the wave activity is found to stagnate in the jet entrance region even though the wave source is not significantly weaker. Stationary Rossby waves are found to converge in a weak wind region to the southeast of the forcing. The results of composite analysis obtained in this study is consistent with the Silk Road pattern hypothesis (Enomoto et al. 2003) .
Based on the results from the previous and present studies, a mechanism for hot spells near Japan may be considered as follows. Enhancement of the Bay of Bengal heating re- inforces the Tibetan anticyclone and thus the Asian jet to create an efficient waveguide. Stationary waves along the intense jet efficiently propagate eastward and creates a negative PV anomaly near Japan. This PV anomaly creates an equivalent-batropic structure and affects the lower-troposphere by this vertical structure and wind distribution. In association with the development of this equivalent-barotropic ridge near Japan, the North Pacific anticyclone in the lower-troposphere apparently extends westward. Thus it may appear as a westward extension of the high in the sea-level pressure pattern, in fact, it can be caused by the uppertropospheric anomaly created as a result of eastward energy propagation of stationary waves. Validation of this mechanism for hot spells in Japan requires further numerical and observational studies with daily data. The present paper only suggests a possible mechanism for hot spells near Japan and does not cover its significance. It is of both scientific and practical interest to study the relative importance between the mid-latitude and tropical variabilities, such as the Silk Road pattern and the Pacific-Japan pattern (Nitta 1987) , respectively, to the late summer climate near Japan.
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